Background-Brain-derived neurotrophic factor (BDNF) is a neurotrophin present in the intestine where it participates in survival and growth of enteric neurons, augmentation of enteric circuits, and stimulation of intestinal peristalsis and propulsion. Previous studies largely focused on the role of neural and mucosal BDNF. The expression and release of BDNF from intestinal smooth muscle and the interaction with enteric neuropeptides has not been studied in gut.
INTRODUCTION
The regulation of gut function, whether it be motility, secretion or absorption is dependent on the interaction of a variety of biologically active agents, such as neurotransmitters, hormones, neurotrophins, cytokines, etc. delivered to the gut wall through the vasculature, by absorption from the lumen, or secreted by constitutive cells of the gut itself. Not only can these agents directly affect target cells, but it is likely that they can influence the production and secretion of each other. In the present study, we have examined the regulation of the expression and secretion of brain-derived neurotrophic factor (BDNF) from longitudinal smooth muscle cells by two key neurotransmitters of the enteric nervous system, substance P and pituitary adenylate cyclase-activating peptide (PACAP).
BDNF is the most abundant neurotrophin in the brain where it has been shown to be secreted in an activity-dependent manner and to be important to neuronal survival, neurite outgrowth and branching, synaptic plasticity and long term potentiation (LTP) among other functions (reviewed in 1). BDNF is also present in the gut where it is found in smooth muscle of the muscularis externa and gut vasculature (2) (3) (4) (5) (6) (7) (8) , epithelial and enteroendocrine cells of the mucosa (3, (8) (9) (10) (11) (12) (13) , and enteric neurons and glia (8) (9) (10) (11) (12) (13) (14) (15) (16) . In the gut, BDNF has also been shown to have important roles in augmenting the peristaltic reflex by enhancing serotonin (5-HT) and CGRP release from enteroendocrine cells and enteric sensory neurons respectively (9, 10) , in augmenting calcium responses in enteric neurons elicited by neurotransmitters thereby enhancing synaptic communication within the enteric nervous system (11) , increasing colonic myoelectrical activity (17) , and enhancing the response of smooth muscle cells to contractile agonists (2, 18) . In humans, BDNF increases gut motility, accelerates colonic transit, and increases stool frequency without affecting stool consistency (19) (20) (21) . BDNF has a key role in interrelationship between the central nervous system and the gut. BDNF produced in gut smooth muscle has a major role in directing the innervation of the gut by vagal sensory neurons and in regulating the survival of vagal sensory neurons where it has been implicated as having a role in satiety (6) (7) . Additionally, up regulation of BDNF in spinal cord and dorsal root ganglion in response to stress and inflammation plays a role in visceral hypersensitivity and the pathogenesis of inflammatory bowel disease and irritable bowel syndrome (22) (23) (24) (25) (26) .
Little is known of the regulation of BDNF release from intestinal tissues by neuropeptides; however in other tissues, PACAP and substance P have been shown to influence the production and/or secretion of BDNF (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) . This interrelationship of PACAP and substance P with BDNF is particularly interesting when applied to the gut because the innervation of the longitudinal muscle of the intestine is composed of two non-overlapping populations of enteric motor neurons. The vast majority are cholinergic excitatory neurons which also contain substance P, and a much smaller population of inhibitory motor neurons which contain vasoactive intestinal peptide, NOS, and PACAP. (37) (38) (39) . In the present study, we show constitutive expression of BDNF in intestinal smooth muscle, predominately in the longitudinal layer. We also show that PACAP and substance P increase both the expression and release of BDNF from these muscle cells.
MATERIALS AND METHODS

Animals
New Zealand white rabbits (weight: 4-5 lbs) were purchased from RSI Biotechnology, Clemmons, NC and killed by injection of euthasol (100 mg/kg), as approved by the Institutional Animal Care and Use Committee of the Virginia Commonwealth University. The animals were housed in the animal facility administered by the Division of Animal Resources, Virginia Commonwealth University. All procedures were conducted in accordance with the Institutional Animal Care and Use Committee of the Virginia Commonwealth University.
Tissue preparation, and isolation and culture of smooth muscle cells
The small intestine was dissected out, emptied of contents, and placed on cold smooth muscle buffer (SMB) of the following composition (NaCl 120 mM, KCl 4 mM, KH2PO4 2.6 mM, CaCl2 2.0 mM, MgCl2 0. 6 mM, HEPES (N-2-hydroxyethylpiperazine-N" 2-ethanesulfonic acid) 25 mM, glucose 14 mM, and essential amino mixture 2.1% (pH 7.4). Two to three centimeter sections of the intestine were removed from the mid-jejunum to proximal ileum, threaded onto a glass rod, and the longitudinal muscle separated as a sheet from the circular layer by radial abrasion with a KimWipe. The duodenum and distal ileal regions of the intestine were not used in this study.
Smooth muscle cells from intestinal longitudinal and circular muscle layers were isolated by sequential enzymatic digestion of muscle strips, filtration, and centrifugation as described previously (2, 40) . Muscle strips were incubated for 15 min at 31°C in 30 ml of smooth muscle buffer gasses with 100% oxygen and containing 0.1% collagenase (type II) and 0.1% soybean trypsin inhibitor. The partly digested tissues were washed with 100 ml of enzymefree smooth muscle buffer and re-incubated for 10 min to allow spontaneous dispersion of muscle cells. Cells were harvested by filtration through 500 µm Nitex mesh and centrifuged twice at 350 g for 10 min.
The dispersed smooth muscle cells were resuspended in Dulbecco's Modified Eagle's Medium (DMEM) containing penicillin (200 U mL −1 ), streptomycin (200 µg mL −1 ), gentamycin (100 µg mL −1 ), amphotericin B (2.5 µg mL −1 ), and 10% fetal bovine serum (DMEM-10). The muscle cells were plated at a concentration of 5 × 10 5 cells mL −1 and incubated at 37°C. DMEM-10 medium was replaced every 3 days for 2-3 weeks until confluence was attained. The muscle cells in confluent primary cultures were trypsinized (0.5 mg trypsin ml-1), re-plated at a concentration of 2.5 X 10 5 cells mL −1 , and cultured under the same conditions. All experiments were done on cells in first and second passage. In some cases, the cells were plated into 8-well microscope slides for immunostaining and checked for expression of BDNF and for markers of smooth muscle and other cell types. The cultures contained only smooth muscle cells which stain for smooth muscle-specific γ-actin and do not stain for markers of other cells such as enteric neurons, glial cells, or interstitial cell of Cajal as described previously (40) . Cultured smooth muscle cells were starved in serum-free medium (DMEM-0) 24-hours before use in experiments to examine expression and release of BDNF.
Experimental protocols
Cultured cells were treated with 10 nM and 100 nM of substance P or PACAP for 24 hrs and 48 hrs. PACAP exists in two forms: the full 38 amino acid form PACAP-38, and a truncated C-terminal form PACAP-27. In preliminary studies, equimolar concentrations of PACAP-27 and PACAP-38 were tested and found to produce identical effects, therefore, the full form of PACAP-38 was used in all studies. Hereafter, PACAP will be used to indicate PACAP-38. For 48 hrs treatment, the medium was changed on the second day and fresh substance P and PACAP was added to the medium. For control experiments, cultures were treated for the same period with DMEM-0. At the end of the experimental periods, the cultured medium was collected and stored at −80°C for subsequent ELISA to detect BDNF release. The cultured cells from the same culture plates were collected by two different methods using Triton X-100-based lysis buffer plus protease and phosphatase inhibitors for subsequent Western blotting or by trypsinization and centrifugation for PCR analysis. Samples were stored at −80°C for subsequent analysis.
The concentrations of PACAP and substance P used in the present study are similar to those used in previous studies of contraction, relaxation, and ligand binding in isolated gut smooth muscle cells (41, 42) . Isolated muscle cells demonstrate broad concentration response curves where minimal effects are noted at pM concentrations and maximal effects are noted at µM concentrations. The ED50 effects are in the nM range (41, 42) . While it is not possible to know the exact concentration of these neuropeptides in the vicinity of the smooth muscle cell, following release from enteric neurons or under various physiological or pathophysiological conditions, we have used concentrations which reproduce the physiological action of PACAP and substance P, In addition, these concentrations and durations of incubation were chosen because they are similar to those used in previous studies of BDNF synthesis and secretion by PACAP and substance P in a variety of cultured cell types including airway smooth muscle (27, 29, 32, 33, (43) (44) (45) 
Immunohistochemistry
Intestinal sections from human, rabbit and mouse were immunostained using on-slide technique and smooth muscle cells grown and immunostained on 8-well culture slides. Three cm long intestinal samples (rabbit and mouse) were flushed with SMB and fixed in 4% paraformaldehyde overnight at 4°, incubated in 30% sucrose in 0.1 M PBS solution for 1-3 days at 4°, and embedded in OTC. Cross sections (8 µm) were cut and mounted on gelatin-coated microscope slides. The slides were warmed at 37° for 1 hr and permeabilized with 0.3% Triton X-100 in 0.1 M PBS for 20 min. For cultured cells, the cells on the slide were fixed with 4% paraformaldehyde for 20 min at room temperature. Both preparations were incubated for 1 h at room temperature with blocking solution containing 3% normal donkey serum (Jackson ImmunoResearch, West Grove, PA) in PBS-T (0.3% Triton X-100 in 0.1 M PBS, pH 7.4). The sections then were incubated with primary antibody against BDNF (rabbit antibody SC12112, Santa Cruz, CA or sheep antibody AB1513P (Millipore, Billerica, MA) at 1:500 dilution in PBST containing 5% normal donkey serum overnight at 4 °C. After rinsing with 0.1mM PBS, the slides were incubated with Alexa 595 speciesspecific secondary antibody for 2 h at room temperature and coverslipped in Citifluor. To evaluate for nonspecific binding, control sections were treated as above but without the primary antibody. Specificity of the antibodies was also confirmed by Western blot analysis.
Protein extraction and western blotting
Cultured smooth muscle cells were homogenized with solubilization buffer of the following composition, 50 mM Tris-HCL, 150 mM NaCL, 1 mM EDTA, 1% Triton X-100, 100 mM NaF and containing protease/phosphatase inhibitor cocktail (100 µg mL −1 PMSF, 10 µg mL −1 aprotinin, 10 µg mL −1 leupeptin, 30 mM sodium fluoride and 3 mM sodium vanadate). After sonication for 15 s and centrifugation at 2000 g for 10 min at 4°C, the protein concentrations in the supernatant was determined using a DC protein assay kit from Bio-Rad according to manufacturer's directions.
Equal amounts of proteins were separated by SDS/PAGE electrophoresis using 10% and 15% (w/v) acrylamide resolving gel. The separated proteins were electrophoretically transferred onto a nitrocellulose membrane, blocked with 5% (w/v) non-fat dried milk/TBS-T (Tris-buffered saline, pH 7.6 plus 0.1% Tween-20) for 1h and incubated for 24 hr at 4°C with BDNF primary antibody (described above) diluted in TBS-T 1% (w/v) non-fat dried milk. After washing, the membrane was incubated with horseradish-peroxidase-conjugated secondary antibody (1: 2000) at room temperature for 1h. The immunoreactive protein was visualized by SuperSignal Femto maximum sensitivity substrate kit.
To ensure equal amount of protein loading, in each blot the same membrane was stripped and re-blotted against a housekeeping protein such as beta actin (AC1978, Sigma, St Louis, MO) or GAPDH (G0110, Santa Cruz, Santa Cruz, CA). Densitometric quantification of protein bands was done using the software FluoroChem 8800. The average band's intensites were normalized to that of the control of the same lane.
Enzyme-linked immunosorbent assay (ELISA)
BDNF protein in culture medium was measured via a sandwich ELISA using the Promega BDNF Emax immunoassay (Promega Corporation, Madison, WI) according to the manufacturer's protocol. The samples were acidified to pH < 3.0 with 1 N HCl for 15 min and then neutralized to pH 7.6 prior to use in the ELISA. The antibody was specific for BDNF with less than 3% cross reactivity with NGF, NT-3, NT-4, and no cross reactivity with PACAP, SP, VIP, secretin, and somatostatin. The limit for detection of the ELISA was 4pg/ml and the range was 4 pg/ml to 500 pg/ml. Briefly, ELISA plates were coated with anti-BDNF mAb (1:1000) and incubated overnight at 4°. The next day the plate was washed and blocked with Blocking Buffer (Promega). 100 µl of BDNF standard or sample was added to each well and incubated for two hours at room temperature. The plate was washed and 100 µl anti-BDNF pAb (1:500) was added to each well and incubated at room temperature for two hours. After washing, 100µl of diluted Anti-IgY HRP Conjugate (1:200) was added to each well and developed with TMB solution and 1N HCl. The absorbance at 450 nm was measured using a VICTOR 2 plate reader and the concentration of BDNF in the samples was calculated from the standard curve.
Expression of BDNF by reverse-transcription polymerase chain reaction (RT-PCR)
Total RNA was isolated from cultured smooth muscle cells using Ultraspec™ RNA isolation kit and treated with TURBO DNase (Ambion, Carlsbad, CA). RNA was reverse transcribed by SuperScript™ II containing 50 mM Tris-HCL, 75 mM KCL, 3 mM MgCl 2 , 10 mM dithiothreitol, 0.5 mM deoxynucleoside triphosphate, 2.5 µM random hexamers and 200 units of reverse transcriptase in a 20 ul reaction volume. Quantitative real-time PCR was performed for BDNF with a Taqman probe mixed with PCR Master-Mix for 40 cycles (95 C° for 15 sec, 60 C° for 1 min) on a 7300 real-time PCR system (Applied Biosystems, Grand Island NY). Quantitative real-time PCR of the same sample was performed for β-actin expression as internal control for normalization. Primer sequences for BDNF were TATGAGGGTCGGGCGCCACT (Forward 5'→3') and TCCCGCCCGACATGTCCACT (Reverse 3'→5'), and for β-actin were CCCTCCATCGTGCACCGCAA (Forward 5'→3') and CTCGTCTCGTTTCTGCGCCGT (Reverse 3'→5').
Reactions for real time PCR were done in triplicate and only one PCR product was generated by each primer set. StepOne™ Real-Time PCR System software was used to calculate the fluorescent threshold value. Quantification of gene expression was done using the relative qRT-PCR method. The signal of BDNF transcript in a treatment group was related to that of the control group. Cycle threshold (Ct) values were obtained and the relative fold change in gene expression was calculated as 2 −ΔΔCt as described previously (22) .
Statistical Analysis
The appropriate statistical tests (ANOVA and Paired t-tests) were carried out using GraphPad (PRISM/GraphPad® Software, La Jolla, CA). A probability of p<0.05 was considered significant. Values are reported as mean ± SEM and n refers to number of animals from which each culture was derived.
RESULTS
Localization of BDNF protein and mRNA in intestinal smooth muscle
In intestinal tissue slices from human, rabbit and mouse, immunostaining with antibody to BDNF demonstrated the expression of BDNF in the longitudinal muscle layer. Staining of BDNF in the circular muscle layer was much less intense than in the longitudinal muscle layer as illustrated for the rabbit intestine in Figure 1A . A similar pattern of BDNF expression was obtained in intestinal tissues from the human and mouse (Data not shown). To confirm the presence of BDNF in longitudinal SMCs, smooth muscle cells from the longitudinal layer of rabbit intestine were grown in primary culture and immunostained for BDNF (Fig.1B) . Control immunostaining with omission of BDNF antibody demonstrated the specificity of staining by the BDNF antibody (Fig. 1A & B) .
To further confirm the immunohistological BDNF expression, western blot analysis of BDNF was done on total protein extracts from smooth muscle cells from rabbit longitudinal and circular muscle layer. The expression of BDNF protein was detected at the expected molecular weight of mature BDNF (14kDA) in both longitudinal and circular muscle smooth muscle cells (Fig.2A) . Comparing the densities of protein bands in the two regions revealed a significantly higher (1.7-fold) expression of BDNF in longitudinal muscle than circular muscle (Fig 2A; p<0.001, n=8) , consistent with the immunohistochemical findings.
Total RNA isolated from longitudinal and circular muscle cells in culture was converted to cDNA and subjected to amplification with specific primers for BDNF and GAPDH. Quantitative real-time polymerase chain reaction (qRT-PCR) was used to measure mRNA levels of BDNF and GAPDH. Consistent with the protein level detected by western blot, BDNF mRNA was expressed in both muscle layers and the expression was significantly less in the circular muscle cells as compared to the longitudinal muscle cells (p<0.01, n=5) (Fig.  2B) .
Effect of PACAP and substance P on BDNF expression by longitudinal muscle cells
The effect of PACAP on BDNF protein content in primary smooth muscle cells was evaluated after 24 and 48 hrs incubation. Longitudinal smooth muscle cells were treated with PACAP-38 (10 & 100 nM) for 24 and 48 hrs. Both concentrations of PACAP significantly (p<0.001 in each case vs basal DMEM-0) up-regulated BDNF protein expression following 24 hrs (Fig. 3A) and 48 hrs (Fig 3B) of incubation. These concentrations of PACAP (10 and 100 nM) more than doubled the content of BDNF protein content in primary smooth muscle cells under each condition but there was no significant difference in the amount of BDNF induced by the two concentrations doses although there was slightly more BDNF produced at the 48 hr incubation.
The effect of substance P on BDNF expression was examined in the same manner and following the same protocol as described for PACAP but in separate cultures of longitudinal muscle of the intestine. Longitudinal smooth muscle cells were treated with substance P (10 & 100 nM) for 24 and 48 hrs. Both concentrations of substance P significantly (p<0.005) upregulated BDNF protein content following 24 hrs (Fig. 3C ) and 48 hrs (Fig. 3D ) of incubation. Similar to PACAP, both 10 and100 nM substance P more than doubled the expression of BDNF protein content in primary smooth muscle cells under each condition but there was no significant difference in the amount of BDNF induced by the two concentrations at the two time points.
Effect of PACAP and substance P on BDNF secretion in longitudinal smooth muscle cells
To study the effect of PACAP on the secretion of BDNF, primary longitudinal SMCs cultures were treated with PACAP (10 and 100 nM) for 24 and 48 hrs and the amount of BDNF release into the medium was determined by ELISA. After 24 hours incubation, both 10 and 100 nM PACAP caused a significant elevation in BDNF release above basal levels of 5 ±0.8 pg/ml (Fig. 4A) . The increase in BDNF secretion (15.5 ± 1.4 pg/ml) induced by 10 nM PACAP was significantly greater (p<0.05) than the BDNF secretion (11.9 ± 1.2 pg/ml) induced by 100 nM PACAP. After 48 hrs incubation, PACAP (10 and 100 nM) also induced a significant increase in BDNF release (Fig. 4B) . Although the levels of BDNF secretion at 48 hrs were less than elicited during 24 hrs incubation at the same concentrations, the difference between BDNF secretion at 24 hrs and 48 hrs was not significantly different.
The effect of substance P on BDNF secretion was examined in the same manner and following the same protocol as described for PACAP but in separate cultures of longitudinal muscle of the intestine. Longitudinal smooth muscle cells were treated with substance P (10 and 100 nM) for 24 and 48 hrs. Both concentrations of substance P significantly increased BDNF secretion above basal levels of 6.1± 0.4 pg/ml following 24 hrs (Fig. 4C ) and 48 hrs (Fig. 4D ) of incubation. The increased elicited by 10 nM substance P at 24 hours was greater (11.4±1 pg/ml) however there was no significant difference between the concentrations or periods of incubation..
Role of calcium in mediating the effect of substance P on BDNF expression in and secretion from longitudinal muscle cells
Since there are more substance P/acetylcholine containing neurons innervating the longitudinal muscle layer than there are PACAP containing neurons, the mechanism of substance P-induced effects on BDNF was studied further. Since activation of tachykinin receptors leads to increase in intracellular calcium (Ca 2+ ) in producing contraction, we tested the role of Ca 2+ in mediating the effect of substance P on BDNF expression and secretion. Incubation of culture of longitudinal muscle cells with 10 nM substance P for 24 hr in the presence of 1 µM BAPTA-AM (acetoxymethyl ester of 1,2-bis(oaminophenoxy)ethane-N,N,N',N'-tetraacetic acid) to chelate Ca 2+ abolished the ability of substance P to increase BDNF expression as measured by western blot (Fig 5A) as well as by in cell western assay (data not shown). Consistent with the effect of BAPTA on expression of BDNF protein, treatment with 1 µM BAPTA-AM prevented the upregulation of BDNF mRNA expression induced by 10 nM substance P for 24hrs as determined by quantitative RT-PCR (Fig. 6) .
In neurons and other cell types, BDNF is secreted by the calcium-dependent regulated pathway rather than by the constitutive pathway. BAPTA-AM was therefore used to test the role of the calcium-dependent regulatory pathway in mediating the substance P-induced secretion of BDNF. Incubation of longitudinal muscle cultures with 10 nM substance P for 24 hr caused a nearly 2-fold increase in BDNF release into the medium. Incubation with 10 nM substance P for 24 hr in the presence of 1 µM BAPTA-AM abolished the release of BDNF in response to substance P (Fig. 5B) indicating that BDNF is released by the regulatory pathway following in increase in Ca2 + induced by activation of tachykinin receptors by substance P.
DISCUSSION
In the present study, we have shown that the neurotrophin BDNF is constitutively expressed by intestinal smooth muscle of rabbit. The expression of BDNF mRNA and protein is much greater in smooth muscle from the longitudinal layer than the circular muscle layer. The neuropeptides substance P and PACAP increased the expression of BDNF mRNA and protein in cultured longitudinal muscle cells and caused the secretion of BDNF from these cells. Both the increase in expression and release of BDNF by substance P are likely to be Ca 2+ -dependent.
In the wall of the gut, BDNF is present in several sources including mucosa, enteric neurons and glia, and smooth muscle. Most studies have focused on neurally-derived BDNF based on studies from the cell biology of BDNF in central nervous system. In the present study, we have studied the expression and release of BDNF from gastrointestinal smooth muscle. In histological section and in cultures of smooth muscle cells derived from intestinal smooth muscle, BDNF mRNA and protein were much more prevalent in the longitudinal layer. There are very few studies of BDNF in gut smooth muscle however recent studies indicate that BDNF expression in gut smooth muscle is important to the development of vagal sensory innervation (5-7). Interestingly, conditional knockout of BDNF in intestinal smooth muscle of mice resulted in enhanced innervation by vagal sensory neurons. This is reflected in increased intraganglionic laminar endings of these neurons in myenteric ganglia and increased numbers of axon bundles in the longitudinal orientation. r. The increase in axon bundels was found to be specific to those oriented longitudinally because there was no increase in the number of axon bundels in the circular orientation, The authors conclude that BDNF suppresses survival of intraganlaionic laminar endings and axon growth or guidance. The greater extent of the effect on the axons in the longitudinal orientation of the smooth muscle specific BDNF knockout is consistent with the greater expression of BDNF in this layer which we have identified in the present study. It may also explain the lesser innervation of longitudinal muscle than circular muscle by enteric neurons consistent with our observations that BDNF is unique among neurotrophins in inhibiting the outgrowth of neurites from cultured myenteric ganglia of guinea pig (46) . While BDNF is constitutively expressed in longitudinal muscle of gut, the present study demonstrates that its expression is increased by neuropeptides known to be released from enteric neurons innervating the longitudinal muscle. The intrinsic innervation of the longitudinal muscle is much sparser than that of the circular muscle layer and consists mainly of motor neurons derived from the myenteric plexus.
PACAP is expressed in inhibitory motor neurons innervating the longitudinal muscle along with vasoactive intestinal peptide (VIP) and nitric oxide synthase (NOS) (37) (38) (39) . In the present study, the expression and secretion of BDNF from longitudinal muscle cells was shown to be increased by PACAP. Although not significantly different, the effect of 10 nM PACAP was slightly greater than 100 nM. Incubation for 24 hours with PACAP caused slightly greater expression of BDNF but slightly less release. The latter difference may have been due to some degradation of BDNF over the longer time period. Although this is the first description of the ability of PACAP to increase expression and release of BDNF from gut smooth muscle, a similar relationship has been described in neural tissues. In cortical and hippocampal neurons, sympathetic neurons, and a cultured neuroblastoma cell line, PACAP has been shown to increase BDNF release and expression (27) (28) (29) (30) (31) (32) (47) (48) (49) . Where examined in neuronal tissue, the effect is predominately mediated by activation of PAC1 receptors that are more selective for PACAP than VIP (32, (47) (48) (49) . Although neither the nature of the receptor nor the effectiveness of VIP were examined in the present study, studies in mouse and rat longitudinal muscle from ileum and colon suggest that the effects of PACAP in longitudinal muscle are mediated by PAC1 receptors. In PAC1 receptor knockout mice, the smooth muscle effects of both PACAP-27 and PACAP-28 were abolished (50) . In preliminary studies (data not shown) identical results were obtained with PACAP-27 and PACAP-38, also suggesting interaction of PACAP with PAC-1 receptors on smooth muscle cells. Thus, it is likely that the effect of PACAP in increasing BDNF expression and release in longitudinal muscle is also mediated by PAC1 receptors. If this is the case, the increase in BDNF synthesis and secretion are much less likely to be stimulated by VIP than PACAP as reflected in the selectivity of the PAC1 receptor.
In the present study we also examined the effect of substance P on BNDF expression and release in intestinal longitudinal smooth muscle. As noted above, the main innervation of the longitudinal muscle is by cholinergic excitatory motor neurons, many of which also contain substance P (38, 39) . Preliminary studies (data not shown) indicated that BDNF synthesis and secretion is not affected by acetylcholine. This is consistent with the lack of effect of Trk B antagonists and antiserum alone on cholinergic contractions which are augments in the presence of BDNF (2). Substance P increased the expression of BDNF to approximately the same degree as did PACAP. As with PACAP the effect of 10 nM was slightly but not significantly greater than the effect of 100 nM substance P. With regard to the ability to release BDNF, the amount of BDNF released at 24 and 48 hours of incubation were similar to each other but the release was less than elicited by PACAP at 24 hours. The greater innervation of longitudinal muscle by substance P-containing motor neurons would, however, suggest that the stimulation of BDNF release in vivo by substance P would be more relevant. We therefore went on to examine the mechanism of regulation of BDNF expression and release by substance P in greater detail.
Incubation of cultures of intestinal longitudinal smooth muscle cells with the calcium chelating agent BAPTA abolished both the increase in BDNF expression and release. BAPTA also abolished the increase in BDNF mRNA in response to substance P. These findings indicate that an increase in intracellular calcium likely mediated both the substance P-induced effects on BDNF although an increase in Ca 2+ I was not measured in the present study. In support of this notion, we have shown in previous studies that tachykinins increase Ca 2+ I in isolated intestinal smooth mscule cells (41) . Although the specific tachykinin receptor mediating the effect of substance P was not examined in the present study, this previous study indicated that selective agonists of the NK1, NK2, and NK3 receptor were capable of increasing Ca 2+ I in isolated intestinal smooth muscle cells. Interestingly, although the signaling pathways mediating the PACAP induced BDNF synthesis and secretion were not investigated in the present study, we have previously shown that PACAP is also capable of increasing Ca 2+ I in isolated gut smooth muscle cells (42) . The secretion of BDNF from intestinal smooth muscle has not been previously reported; however, much is known of the activity-dependent secretion of BDNF from neural tissues. BDNF is secreted from neurons as the precursor, proBDNF, and as the processed mature BDNF form. In is not clear if both are secreted from gut smooth muscle but even in neuronal tissue, the proBDNF form is converted to the mature BDNF by the action of extracellular matrix metalloproteinases and plasmin. The ELISA used in the present study was directed towards mature BDNF but does not distinguish between the pro-and mature forms of BDNF. Activity-dependent secretion of BDNF from cortical and hippocampal neurons as well as from other regions is via the regulatory secretion pathway and requires calcium elevation, usually via calcium influx, which is further enhanced and sustained via calcium-induced calcium release mediated through ryanodine receptors (51) (52) (53) . It is noteworthy that calcium influx, activation of ryanodine-sensitive receptors and calcium-induced calcium release is the mechanism of agonist induced elevation of intracellular calcium in intestinal longitudinal muscle (54) (55) . Similarly, the ability of BAPTA to abolish the substance P-induced increase in BDNF mRNA suggests that the effects of substance P on BDNF expression are likely also mediated by an increase in calcium via regulation of the bdnf gene. Although there are multiple promotors for the bdnf gene, it is quite likely that calcium chelation would cause a significant inhibition of transcription since the promoter region of BDNF exon IV contains three Ca 2+ response elements : CaRE1, CaRE2 and CaRE3 (51) (52) (53) . The co-dependence of BDNF secretion and transcription of the bdnf gene on intracellular Ca 2+ levels suggests that the increase in intracellular Ca 2+ -induced by substance P would not only cause BDNF release but also immediately begin to restore intracellular BDNF levels by increasing production of BDNF mRNA.
Although little is known about the expression of BDNF in gut smooth muscle, the expression by airway smooth muscle and pulmonary artery smooth muscle has been studied in much more detail (33) (34) (35) (36) (56) (57) (58) (59) . Expression of BDNF levels in these smooth muscle is also responsive to environmental cues including changes in oxygen level, elevated levels of inflammatory cytokines such as interleukin 1β and TNFα, and the neuropeptide substance P. Interestingly, in airway smooth muscle, substance P-induced BDNF release and secretion was dependent on calcium influx similar to the findings in the present study in longitudinal smooth muscle of the intestine (33, 34) . In the airways, once released, BDNF has been shown to lead to hyper-responsiveness of the smooth muscle by enhancing calcium influx to neuropeptides, including substance P, and to acetylcholine (33) (34) (35) (36) (43) (44) (45) 57) . This is also similar to longitudinal smooth muscle of intestine where BDNF enhances the contractile response to neuropeptides and acetylcholine by augmenting the increase in intracellular Ca 2+ induced by these agents (2, 18) .
In analogy to the role of BDNF airway smooth muscle (35, 36) , a model is presented in Figure 7 to explain the role of BDNF in longitudinal muscle of the intestine based on the results of the present study and our recent study (2) of the effects of BDNF on longitudinal muscle contractility. The neurotransmitters PACAP and substance P, released from distinct enteric motor neurons innervating the longitudinal muscle, activates receptors on longitudinal smooth muscle cells leading to increase in intracellular Ca 2+ . The increase in intracellular Ca 2+ causes increase transcription of the bdnf gene, increase in BDNF mRNA, and increase in BDNF protein expression. The increase in intracellular Ca 2+ also leads to local secretion of BDNF. BDNF then acts to augment cholinergic muscarinic contraction of longitudinal muscle via activation of specific trk B receptors on longitudinal smooth muscle cells which is mediated by increased activation of PLC-γ (2). Thus BDNF acts in an autocrine manner leading to hypercontractility of the longitudinal muscle of the intestine. Considering that substance P and BDNF are increased in intestinal inflammation it is possible that this autocrine loop leads to the hypercontractility that is characteristic of the response of longitudinal smooth muscle in inflammatory bowel disease (60) (61) (62) (63) .
KEY MESSAGES
1
Cultures of smooth muscle from the longitudinal muscle layer of rabbit intestine were used to study the synthesis and secretion of the neurotrophin, brain-derived neurotrophic factor (BDNF), which has been shown in other studies to enhance smooth muscle contraction and peristalsis.
2
The smooth muscle cells from the longitudinal muscle layer expressed more BDNF than cells from the circular muscle layer. Similarly, mRNA levels were higher in smooth muscle cells from the longitudinal layer than from the circular muscle layer.
The main neuropeptides released from enteric motor neurons innervating the longitudinal muscle layer, namely substance P and pituitary adenylate cyclase-activating peptide (PACAP), increased the expression and secretion of BDNF from smooth muscle cells. Both expression and secretion of BDNF induced by substance P were dependent on increase in intracellular calcium.
4
A model is proposed in which neuropeptide transmitters released from enteric neurons cause increased BDNF expression and release which in turn leads to increased contractile responses. This autocrine loop may in part explain the hypercontractility of longitudinal smooth muscle characteristic of inflammatory bowel disease. Effect of BAPTA on BDNF mRNA levels induced by substance P. Incubation of smooth muscle cells for 24 hours with the Ca 2+ chelating agent BAPTA abolished the increase in BDNF mRNA levels induced by 10 nM substance P. Relative expression was calculated by the ΔΔ CT method as described in Methods. Values are Mean ± SEM; n=3-5; **= p<0.01 for difference from expression in presence of DMEM-0. 
